Abstract: Formation of poly(L,L-lactide) (PLLA) and poly(D,L-lactide-co-glycolide) (PLGA) microparticles by dialysis from 1,4-dioxane, tetrahydrofuran (THF), acetonitrile, dimethyl sulfoxide (DMSO), and dimethylformamide (DMF) against water has been investigated. In some instances microparticles were obtained from a mixture of the above-mentioned polyesters and PLLA-block-polyglycidol-blockpoly(ethylene oxide) triblock copolymer containing a hydrophobic PLLA block as well as hydrophilic polyglycidol and poly(ethylene oxide) blocks, the former with functional -OH groups. The effects of the nature of polyester, solvent and concentration of triblock copolymer on particles morphology, size, size distribution, and degree of crystallinity have been determined. Dialysis of PLGA yielded particles in the form of microspheres regardless of the solvent. Diameters of these particles were in the range of 0.36 -1.77 µm and particles' diameter polydispersity ( D ) varied from 1.37 to 2.04, depending on the solvent. In the case of PLLA, microspheres were obtained only by dialysis from 1,4-dioxane solutions. Dialysis of PLLA solutions in THF, acetonitrile and DMF yielded particles in the form of microcrystals. In the case of dialysis of PLLA solutions in DMSO, the product was in form of crystalline flakes of c. 1 µm thickness. Microspheres composed of PLGA were amorphous. The degree of crystallinity of microparticles from PLLA was in the range of 39% -72%.
Introduction
Nano-and microparticles made from biodegradable polyesters, often from polylactides (usually poly(L,L-lactide) and poly(D,L-lactide)) and from copolymers of lactides and glycolide, found many medical applications. The above-mentioned polymers, degradable hydrolytically to non-toxic bioabsorbable hydroxyacids, were used as sutures, plates and screws for bone fixation [1, 2] . There are many reports on drug formulations in which poly(D,L-lactide-co-glycolide) (PLGA) nano-and microspheres were used as drug carriers [2] [3] [4] [5] [6] [7] [8] . Bioactive compounds in these formulations are protected by the polyester matrix from degrading enzymes and immuno-defence system. Formulations containing drug-loaded nanoparticles often allow for controlled and slow release. Recently reports were published on using PLGA microspheres as building blocks for the preparation of polymeric scaffolds with controlled porosity for tissue engineering [9, 10] .
Polylactide and poly(lactide-co-glycolide) microspheres are usually obtained from earlier synthesized polymers by emulsifying polymer solutions in water and subsequent solvent evaporation (e.g., when CH 2 Cl 2 is used as solvent) or by solvent extraction (e.g., using water-miscible solvents like DMSO or 1,4-dioxane) [11] . Few years ago we developed a method allowing the direct synthesis of poly(L,L-lactide), poly(D,D-lactide) and poly(ε-caprolactone) microspheres in dispersion polymerization of the corresponding cyclic esters [12] .
Some authors reported on the preparation of nanoparticles containing copolymers composed from hydrophobic polyester and hydrophilic poly(ethylene oxide) blocks [13] [14] [15] [16] . In our laboratory a method was developed for making nanoparticles by selfassembly of poly(L,L-lactide)-b-polyglycidol-b-poly(ethylene oxide) triblock copolymer molecules [17] . Very often nanoparticles made from polyester-block containing copolymers were produced by dialysis against water from the appropriate solvents [15, 18] . Simplicity of making nanoparticles by dialysis inspired us to investigate the possibility to use a similar method for the preparation of poly(L,L-lactide) and PLGA microparticles. The main purpose of our studies was to elucidate the dependence of size, size-distribution, shape, and degree of crystallinity of microparticles obtained by dialysis on the type of solvent as well as on the presence and concentration of poly-(L,L-lactide)-b-polyglycidol-b-poly(ethylene oxide) copolymer. In principle, the method elaborated for formation of polyester microparticles by dialysis may be used also for the preparation of drug-loaded carriers. However, this was not the goal of our work. Our studies were directed towards finding methods for the preparation of microparticles with controlled shape, particles suitable for the production of scaffolds for tissue engineering.
Experimental part

Materials
Poly(L,L-lactide) was synthesized by pseudoanionic polymerization initiated with triisopropoxyaluminium according to the recipe described in ref. [19] . L,L-lactide (130.0 g, 0.9 mol) was placed in a 1 L flask with a side arm for a vial containing triisopropoxyaluminium (0.35 g, 1.71 mmol) of. After evacuation of air from the flask 1,4-dioxane (500 mL) was distilled into it, and the flask was sealed off. Breaking the vial and introduction of triisopropoxyaluminium to the monomer solution initiated the polymerization. The polymerizing mixture was gently shaken during synthesis carried out for 7 days at room temperature. The polylactide was isolated by precipitation into cold methanol and dried. The crude product was dissolved in CH 2 Cl 2 . Residual alumina was removed by shaking the polymer solution with 0.1 M HCl. Thereafter the polymer solution was neutralized with a solution of NaHCO 3 . Synthesized poly(L,Llactide) was precipitated twice into cold methanol and dried in vacuum for 24 h. Molecular weight and polydispersity of the synthesized polymer were M = 25 400 (expected n M n = 26 000; assuming 100% efficiency of initiation and complete monomer conversion) and M = 1.11. M w / n Poly(D,L-lactide-co-glycolide) (PLGA, product of Boehringer, Germany, with the trade name Resomer 504, ratio of polylactide and polyglycolide units 51:49) was used without further purification.
Poly(L,L-lactide)-b-polyglycidol-b-poly(ethylene oxide) triblock copolymer (later in this work called shortly terpolymer) was obtained by sequential anionic polymerization of ethylene oxide, 1-ethoxyethyl glycidyl ether (glycidol with -OH blocked with 1-ethoxyethyl groups) and L,L-lactide. Polymerization carried on in THF was initiated with 2-methoxyethanolate. A detailed description of the synthesis and deblocking of -OH groups is given in ref. [17] . In our work we used poly(L,L-lactide)-b-polyglycidol-bpoly(ethylene oxide) with poly(L,L-lactide), polyglycidol and poly(ethylene oxide) blocks of M = 6260, 510 and 6600, respectively. n Solvents 1,4-Dioxan, tetrahydrofuran (THF), acetonitrile, dimethyl sulfoxide (DMSO), and dimethylformamide (DMF) from Aldrich were distilled prior to being used.
Formation of poly(L,L-lactide) and poly(D,L-lactide-co-glycolide) microparticles by dialysis
Solutions (2 mL) of poly(L,L-lactide) or poly(D,L-lactide-co-glycolide) (1% w/v) and terpolymer (various concentrations in 1,4-dioxan, THF, acetonitrile, DMSO, and DMF) were placed into the dialysis bags (SERVA Spectra/Por® 6 dialysis tubing, MWCO 1000, d = 11.5 mm). The bags were placed into 250 mL beakers containing 200 mL of triple-distilled water. The water was agitated with a magnetic stirrer. Dialysis was conducted for 24 h. Then the water was replaced with fresh one and dialysis was continued for 24 h.
Analyses of microparticles
Samples of polymer suspension formed in bags were dried in vacuum, analyzed by scanning electron microscopy (SEM) and differential scanning calorimetry (DSC). SEM pictures were registered using a JEOL 5500C microscope (JEOL, Japan). Dimensions of polymer microparticles were determined from SEM microphotographs using a SigmaScan 5.0 (Jandel Scientific, USA) computer program. DSC traces were registered and analyzed using a DSC 2920 Modulated apparatus (TA Instruments). Samples were heated and cooled in N 2 atmosphere. Heating and cooling rate was 10°C/min. Indium standard was used for calibration.
Results and discussion
Poly(L,L-lactide) microparticles -dependence of particle morphology on solvent
Poly(L,L-lactide) microparticles were obtained by dialysis from solutions of poly(L,Llactide) (PLLA) and poly(L,L-lactide)-b-polyglycidol-b-poly(ethylene oxide) terpolymer in solvents with various polarity (values of the dielectric constant are given in parentheses): 1,4-dioxane (2.209), tetrahydrofuran (7.58), dimethylformamide (36.71), acetonitrile (37.5), and dimethyl sulfoxide (46.68). Dialysis was carried out against water. Initial concentrations of PLLA and terpolymer in solutions that were dialyzed against water were 1% w/v and 0.1% w/v, for PLLA and terpolymer, respectively. The morphology of obtained particulate material is shown in Fig. 1 .
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Shapes of particles obtained by dialysis from non-polar 1,4-dioxane (ε = 2.209) were quite regular and close to spheres (Fig. 1a) . Their diameters were from about 1 to 10 µm. The majority of particles obtained by dialysis from slightly more polar THF was in the shape of platelets composed from stacked lamellae (Fig. 1b) . Dialysis from DMF ( Fig. 1c) yielded particles with leaf-like shape assembled into various aggregates. The typical thickness of these 'leafs' (often composed from several lamellae) was c. 2 µm. Their length was usually close to 5 µm. Particles from acetonitrile ( Fig. 1d) were composed of partially exfoliated lamellae. Some lamellae were assembled into very complex spheroidal structures; however, the majority was in the form of distorted lamellar stacks. The size of particles was in the range from a few to a few tenths of micrometers. Dialysis from DMSO (Fig. 1d ) produced large thin flakes, apparently one lamella thick. Fig. 1 ) it is evident that the morphology of PLLA particles obtained by dialysis depends on solvent polarity. With increasing polarity, from non-polar 1,4-dioxane to highly polar DMSO, shapes of particles change from distorted spheres to large flakes. Dialysis from solvents with moderate polarity (acetonitrile, DMF) yielded particles with aggregates of partially exfoliate lamellae. It is possible that dialysis from a non-polar solvent results in the rapid precipitation of PLLA into small crystals that aggregate into spherical assemblies whereas dialysis from more polar solvents leads to large polymer crystals. The higher the solvent polarity the stronger the exfoliation of lamellae.
Poly(L,L-lactide) microparticles -the role of the concentration of poly(L,L-lactide)-bpolyglycidol-b-poly(ethylene oxide) terpolymer
In order to check whether the presence of amphiphilic terpolymer affects the formation of primary crystalline PLLA particles and their aggregation into final microparticles, several experiments were carried out keeping constant the initial PLLA concentration in solution (1% w/v) and varying the concentration of terpolymer. Examples of SEM pictures of particles obtained without terpolymer and with very high terpolymer concentration (1% w/v) are shown in Fig. 2 . It has to be noted that the concentration of terpolymer used in dialysis was much higher than its critical micelle concentration (CMC = 0.016% w/v). At these conditions the terpolymer did function not as a simple surface modifier but as a component of the body of particles. Due to the presence of terpolymer, particles contain polyglycidol segments equipped with hydroxyl groups that may be used for the attachment of some bioactive compounds.
There was almost no effect of terpolymer addition in the case of particles formed by dialysis from low polar THF. A small difference was noted in the morphology of particles obtained from DMF without and with terpolymer. In the case of dialysis from acetonitrile the majority of PLLA particles obtained without terpolymer was in the form of regular platelets. Addition of a large amount of poly(L,L-lactide)-b-polyglycidol-bpoly(ethylene oxide) led to the formation of a large fraction of irregular aggregates. Dialysis from the most polar DMSO, without terpolymer added, yielded PLLA in the form of flakes, whereas in the presence of terpolymer large stacks of partially exfoliated lamellae were formed. Thus, it is evident that the presence of amphiphilic terpolymer affects more strongly the morphology of PLLA particles obtained by dialysis from more polar solvents.
Formation of polyester particles by dialysis is a complex process affected by the rates of solvent and water diffusion, rates of polymer precipitation and crystallization. Gathered data do not provide a sufficient basis for explanation of the observed relation between solvent polarity and changes of particles' morphology induced by the addition of terpolymer. However, the above discussed observations suggest that in the case of particles obtained by dialysis from polymer solutions in 1,4-dioxane, the solvent with the lowest polarity, addition of terpolymer should have the smallest, if any, influence on particles' morphology. Indeed, dialysis from non-polar 1,4-dioxane always gave particles in a shape close to spheres. The dependence of the numberaverage diameter ( D ) and diameter dispersity ( n D , where D w / n D is the weightaverage diameter) on terpolymer concentration is shown in Fig. 3. w Diameter dispersity decreases with increasing concentration of terpolymer indicating the formation of more uniform particles. The plot in Fig. 3 indicates also that the diameter of PLLA particles slightly increases with increasing concentration of terpolymer. It has to be noted that the addition of terpolymer increases the total concentration of material from which particles are formed. We would like to stress that 
Poly(D,L-lactide-co-glycolide) (PLGA) microparticles
In contrast to crystalline PLLA, poly(D,L-lactide-co-glycolide) is amorphous (see the following subsection). In absence of crystallization, one may expect that polymer particles obtained by dialysis would be able to assume spherical shape, for which surface tension is the minimal. Indeed, SEM photographs collected in Fig. 4 show spherical particles, regardless from which solvent they were obtained. Spherical particles were obtained also from solutions containing added poly(L,L-lactide)-bpolyglycidol-b-poly(ethylene oxide) in high concentration (1% w/v) that was equal to the concentration of PLGA. The only exception was the formation of particles by dialysis from DMSO solutions containing terpolymer. This process yielded strongly distorted and easily aggregated particles.
Data in Tab. 1 indicate that diameters of PLGA particles obtained by dialysis from polar solvents (DMSO, DMF) are smaller than in the case of non-polar ones (THF, 1,4-dioxane). These data suggest that during dialysis from polar solvents the primary PLGA particles are either formed in a very large number or aggregate less efficiently into the final particles. Particles formed by dialysis from solutions in acetonitrile are an exception. Diameters of these particles are larger than those of particles obtained from solution in other polar solvents (DMF and DMSO), however, at the moment we cannot provide any explanation for this difference.
One may notice that diameters of particles formed by dialysis of solutions that in addition to PLGA did contain also terpolymer were larger than in the case of particles obtained by dialysis of solutions containing only PLGA. This difference may be understood assuming that by increasing the total polymer concentration in solution also the efficiency of aggregation is increased yielding larger particles. 
DSC studies of poly(D,L-lactide-co-glycolide) and poly(L,L-lactide) microparticles obtained by dialysis
It is very well known that PLGA is amorphous whereas PLLA is a semicrystalline material. For many polymers the actual degree of crystallinity, and to some extent the temperature of transfer to the glassy state (T g ), depend on the history of the sample. Therefore, it was interesting to check whether the nature of solvents from which polyester particles were obtained affects their above-mentioned properties.
DSC traces of PLGA microparticles contained only an inflection point corresponding to the glass transition with typical signal assigned to the so-called enthalpy relaxation.
Values of T g determined for microparticles obtained by dialysis from various solvents were in the range from 48.0 to 53.4°C, depending on the solvent from which dialysis was carried out, however, these differences were rather small and there was no correlation between T g of microparticles and any physicochemical property (e.g., polarity) of the solvent.
Values of T g and melting temperatures (T m ) for PLLA microparticles obtained from various solvents are given in Tab. 2. Tab. 2 contains also values of enthalpy of socalled cold crystallization (∆H c ) (crystallization during the heating cycle that usually starts well below the melting temperature) and enthalpy of melting (∆H m ).
The degree of crystallinity ( χ ) of PLLA microparticles was calculated using the following formula:
in which denotes the enthalpy of melting of a 100% crystalline sample. In the literature various data were reported for
o , ranging from 93.6 J/g [20, 21] to 142 J/g [22] . The best agreement between values of χ c determined by independent methods (DSC and 13 C NMR-MAS) was found for ∆ H o m = 93.6 J/g [21] and this value was used in our work for the determination of χ c of PLLA microparticles. χ c values are given in Tab. 2.
We found that the glass transition temperature of PLLA in microparticles, obtained by dialysis, is independent of the nature of the solvent used for preparation of the polymer solution for dialysis as well as of terpolymer concentration. Measured values of T g were in the range from 66.5 to 67.2°C.
Melting of various samples of PLLA particles suggested that besides regular polymer crystals (with melting temperature, T m , in a relatively narrow range from 168.5 to 174.4°C) also less perfect crystalline structures are present with much lower T m (from 144.5 to 168°C).
Comparison of the degree of crystallinity of PLLA particles obtained by dialysis from various solvents and with various amounts of added terpolymer revealed that addition of terpolymer usually reduces the ability of PLLA for crystallization. For example, for particles obtained by dialysis from DMSO and DMF, addition of terpolymer to a solution containing PLLA (in an amount equal to the amount of PLLA) decreases the degree of crystallinity of formed microparticles from 75.5% to 59.9% (dialysis from DMSO) and from 72.2% to 59.1% (dialysis from DMF). In the case of particles obtained by dialysis from 1,4-dioxane, an increased amount of added terpolymer resulted in a decreasing degree of crystallinity from 65.8% (for terpolymer concentration 0.01% w/v) to 39.0% (for terpolymer concentration 1% w/v). Apparently, polyether segments of PLLA blocks of terpolymer incorporated into PLLA crystals depress further the crystallization. 
Conclusions
Dialysis of polymer solutions in water-miscible organic solvents against water, a method that previously was often used for the formation of nanoparticles by selfassembly of hydrophobic-hydrophilic block copolymers, was found to be a useful method for the formation of polyester (poly(L,L-lactide) and poly(D,L-lactide-coglycolide)) microparticles. Shape and dimensions of these microparticles can be controlled by proper selection of solvents in which the polymers are dissolved for dialysis. In the case of amorphous poly(D,L-lactide-co-glycolide), dialysis from all solvents used in the study (1,4-dioxan, THF, DMF, acetonitrile, and DMSO) yielded spherical particles (often distorted). Spherical microparticles from crystalline poly-(L,L-lactide) were obtained by dialysis only from polymer solutions in non-polar 1,4-dioxane).
Addition of poly(L,L-lactide)-block-polyglycidol-block-poly(ethylene oxide) to dialyzed solutions of poly(D,L-lactide-co-glycolide) yielded microparticles usually with slightly more uniform but larger diameters. A similar observation was made also for poly-(L,L-lactide) microspheres obtained by dialysis from 1,4-dioxane.
Diameters of spherical polyester microparticles obtained by dialysis ( D ranging from 0.36 to 1.77 µm) were much smaller than diameters of typical particles from polyester solutions obtained by solution emulsification in water followed by solvent extraction or evaporation (diameters usually exceeding 10 µm [23] ). Due to controlled morphology, size and degree of crystallinity such poly(L,L-lactide) and poly(D,L-lactide-co-glycolide) microparticles can be considered as interesting candidates for building blocks for scaffolds for tissue engineering. Sintering of polyester microparticles with regular spherical and highly irregular shape may lead to material with porosity on submicrometer level allowing for transport of nutrients and metabolites through walls of scaffold.
